INTRODUCTION
============

Silencing by promoter methylation of the O^6^-methylguanine-DNA methyltransferase (*MGMT*) gene is an early event in several human cancers due to its central role in DNA repair. MGMT removes alkyl adducts from the O^6^ position of guanine thereby preventing G\>A mutations in the genome. Under normal circumstances, this is an important cellular function; however, since alkylating agents such as temozolomide introduce alkyl adducts in the genome, *MGMT* methylation may be a predictive marker of response to alkylating agents in patients with glioblastoma multiforme (GBM) ([@nlv024-B1]). The use of *MGMT* methylation status for routine clinical decision-making has been hampered by the fact that most GBM patients receive a combination of radiotherapy and temozolomide regardless of MGMT methylation status because no other good treatment options are available. However, *MGMT* methylation testing is useful for selecting patients for clinical trials ([@nlv024-B4]). Recent studies also suggest that treatment decisions in older patients, for whom monotherapy with either radiotherapy or temozolomide is favored, should take *MGMT* methylation into account ([@nlv024-B5], [@nlv024-B6]).

A functional role of *MGMT* methylation in GBM has been confirmed at the RNA and protein levels ([@nlv024-B7]), but it is unclear how detection of *MGMT* methylation should be performed in clinical practice to ensure that as many patients as possible receive optimal treatment. We have previously shown that allelic methylation patterns as well as methylation levels influence MGMT protein expression in malignant pleural mesothelioma ([@nlv024-B10]). If this were also observed in GBMs, allelic methylation patterns might also influence responses to temozolomide. In addition to *MGMT* methylation, the T-allele of the rs16906252 C\>T single nucleotide polymorphism (SNP) located in the *MGMT* promoter region has been shown to have a negative influence on *MGMT* expression and is associated with longer survival in GBM patients treated with temozolomide ([@nlv024-B11], [@nlv024-B12]). This reduced activity may, in turn, predispose the allele to become methylated. In several malignant tumors, including GBM, the T-allele is associated with *MGMT* methylation ([@nlv024-B9], [@nlv024-B13]).

Both quantitative and qualitative methodologies have been employed for monitoring *MGMT* methylation ([@nlv024-B17]). The analytical sensitivity varies substantially among different assays. In particular, assays based on methylation-specific PCR (MSP) primers are generally more sensitive than methods based on methylation-independent PCR primers ([@nlv024-B20], [@nlv024-B21]). Gel electrophoresis, pyrosequencing, Sanger sequencing, fluorescent probes, or high-resolution melting are most often used to determine the methylation level/status of the samples. In addition to the method of choice, other factors such as tumor content, intratumor heterogeneity, heterogeneous methylation, and allelic methylation status likely affect the results.

Bisulfite sequencing of single clones may provide allelic methylation information if a heterozygous SNP is located in between the primers, but this may suffer from PCR and cloning bias, and takes several days to perform ([@nlv024-B17]). In addition, it would require sequencing hundreds of clones to determine allelic methylation patterns with high reliability in samples containing low methylation levels ([@nlv024-B14]). Low methylation levels in GBM likely occur because of contamination with inflammatory and stromal cells and intratumoral heterogeneity. It is also still debated whether detection of the MGMT protein by immunohistochemistry (IHC) should be part of the standard assessment of newly diagnosed glioblastoma ([@nlv024-B22]).

Here, we report the development of a novel quantitative methylation-specific PCR (qMSP) *MGMT* assay that also provides allelic methylation information for individuals who are heterozygous for the rs16906252 SNP. The qMSP is performed using a biotinylated PCR primer to allow subsequent pyrosequencing of the PCR amplicon, which is used to determine allelic methylation status of the samples. The analyses can be completed within a day and allow for allelic methylation analysis even in samples containing low methylation levels. The methylation data obtained by qMSP were compared to data obtained by a standard bisulfite pyrosequencing assay based on methylation-independent PCR primers (Therascreen (R) MGMT Pyro (R) Kit, Qiagen, Hilden, Germany) and MGMT IHC data. In total, 151 GBM tumor biopsies from patients who received standard of care treatment (Stupp protocol) were analyzed. Allelic methylation patterns were compared with IHC data and survival analyses were performed according to methylation data obtained by each method, rs16906252 genotypes, and MGMT IHC data. In addition, we performed combined survival analyses of qMSP and standard pyrosequencing as well as combined methylation and IHC analyses.

MATERIALS AND METHODS
=====================

Patient Samples
---------------

This retrospective study examined material from 151 patients treated at Rigshospitalet, Denmark, who had been diagnosed with GBM (World Health Organization \[WHO\] grade IV) according to the WHO 2000/2007 guidelines. Patient inclusion criteria were that tumor DNA was available or could be obtained from fresh frozen tumor samples and further that patients had received primary standard GBM therapy according to the Stupp regimen (ie, concomitant radiation and temozolomide therapy followed by up to 6 courses of adjuvant temozolomide therapy).

The patients were diagnosed from 2005 to 2010, and the median duration of observation from the day patients first received radiation/temozolomide therapy to the project cutoff day (March 18, 2015) was 94 months (range, 53--123 months). Detailed descriptions of the treatments and patient evaluations have been described elsewhere ([@nlv024-B23], [@nlv024-B24]); patient demographics and clinical characteristics are shown in [Supplementary Data 1](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1).

Ethics Statement
----------------

This study was performed according to the Declaration of Helsinki and Danish legislation. Permissions were given from the Danish Data Protection Agency (2006-41-6979) and the ethical committee for the Capital Region of Denmark (H-C-2008-095).

DNA Extraction
--------------

Genomic DNA was purified from approximately 50 mg fresh frozen homogenized tumor tissue by the Proteinase K-Phenol/Chloroform protocol as described ([@nlv024-B25]).

rs16906252 SNP Genotyping
-------------------------

Genotyping was performed using pyrosequencing using previously published primer sequences as described ([@nlv024-B14]). To validate the results, SNP genotyping was also performed using high-resolution melting analysis on 137 of the samples. Nine samples with uncertain pyrosequencing and/or high-resolution melting results were Sanger sequenced and this result was used in subsequent data analyses. Additional details can be found in the online [Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1).

Quantitative and Allelic Methylation Analyses by qMSP Followed by Pyrosequencing
--------------------------------------------------------------------------------

Quantitative and allelic methylation analyses were performed using qMSP and melting analyses followed by pyrosequencing of methylation-positive samples being heterozygous for the rs16906252 SNP ([Fig. 1](#nlv024-F1){ref-type="fig"}). The genomic location of the primers is shown in [Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1) [@nlv024-B2]. For normalization purposes, we used an assay based on Alu sequences depleted of CpG sites by evolutionary deamination ([@nlv024-B26]). This assay is less susceptible to normalization errors caused by aneuploidy and copy number changes often observed in cancer cells. Additional details are in the [Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1). FIGURE 1.Overview of the quantitative methylation-specific PCR (qMSP)-pyrosequencing workflow. First, genomic DNA is used for genotyping the single nucleotide polymorphism (SNP) in the region between the MSP primers. Then, for the methylation analysis, genomic DNA is bisulfite converted. Next, 2 separate real-time PCRs are performed; one with MSP primers (one of which is biotinylated) targeting the region of interest, and one with primers capable of amplifying both methylated and unmethylated templates targeting a control region (Alu sequences depleted of CpG sites). The data obtained are used to calculate the level of methylation in the samples relative to in vitro methylated DNA. Melting analysis is performed as an integrated part of the real-time PCR runs to confirm that the observed amplification is specific. Subsequently, amplification products are pyrosequenced to allow allelic methylation analysis for the patients being heterozygous for the SNP found between the MSP primers.

Quantification of Methylation Levels Using qMSP
-----------------------------------------------

Methylation levels of the samples were estimated relative to universal methylated DNA (Chemicon, Millipore, Billerica, MA) using the 2^−ΔΔCt^ quantification approach ([@nlv024-B27]), in which ΔΔCt = glioblastoma sample (Ct~target gene~ -- Ct~ALU control~) − universal methylated DNA (Ct~target\ gene~ − Ct~ALU\ control~) ([@nlv024-B28]). This approach implies that the assays have approximately the same PCR efficiency (*E*) ([@nlv024-B27]). For the *MGMT* assay, *E* = 2.0; for the Alu assay, *E* = 1.9. Samples were analyzed in duplicate and the average Ct values were used in the calculations. Only samples for which both replicates amplified in the *MGMT* assay having a melting profile resembling the melting profile of universal methylated DNA were considered methylation positive. Samples with a mean Ct value above 17 in the Alu assay were bisulfite converted again and repeated. Samples with methylation levels below 0.1% were analyzed as unmethylated. This technical cutoff was defined following an evaluation of a serial dilution series of methylated DNA into unmethylated. Samples with a methylation level below 5% were scored as low-level methylation; samples with a methylation level between 5% and 20% as medium; and samples with a methylation level above 20% as high. No template control and unmethylated DNA, prepared as described ([@nlv024-B28]), were included as negative controls.

Standard Bisulfite Pyrosequencing
---------------------------------

PCR and pyrosequencing were performed using the Therascreen (R) MGMT Pyro (R) kit according to the manufacturer's instructions with slight modifications ([Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1)). The CpG sites analyzed by the standard pyrosequencing assay are shown in [Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1) [@nlv024-B2]. Samples with a mean methylation level below 10% were considered unmethylated. Samples with a mean methylation level between 10% and 25% were scored as low-level methylation; samples with a mean methylation level between 25% and 50% as medium; and samples with a mean methylation level above 50% as high.

Immunohistochemistry
--------------------

Formalin-fixed, paraffin-embedded sections were deparaffinized in xylene and rehydrated in decreasing concentrations of ethanol. After blocking of endogenous peroxidase with 3% H~2~O~2~, the sections were pretreated in a microwave oven with a Tris-EGTA buffer and immunostained on a DAKO Cytomation autostainer (DAKO, Glostrup, Denmark), using monoclonal mouse anti-human antibody against MGMT (MAB16200, 1:200, Millipore). Immunoreactivity was visualized with DAB + (DAKO K3468) as chromogen. The immunohistochemical reactions were semiquantitatively evaluated according to the number of tumor cells stained: 0 = 0; 1%--10% = 1+; 11%--25% = 2+; 26%--50% = 3+; and \>50% = 4+. For MGMT evaluation, positive endothelial cells, lymphocytes, and microglia served as positive internal controls.

Statistical Analyses
--------------------

Chi-square tests were used to compute p values for 2x2 contingency tables when all expected values were above 5. When at least 1 expected value was below 5, Fisher exact tests were used. The results of different MGMT analyses were compared for systematic differences using the McNemar test. Survival probabilities were estimated by the Kaplan-Meier method. Cox regression model was used for univariate as well as multivariate analysis of time to event, the latter for combined analysis of different MGMT detection methods. P values less than 0.05 were considered significant. Statistical calculations were performed using SPSS (version 19) and SAS (v9.3, SAS Institute, Cary, NC).

RESULTS
=======

Quantitative Methylation Analyses
---------------------------------

In total, 51 of 151 patient samples (34%) were methylation positive by qMSP. The mean methylation level of all samples was 5.1%. When considering only the 51 methylation-positive samples, the mean and median methylation levels were 15.2% and 2.4%, respectively. In total, 47 of 132 patient samples (36%) were methylation positive by standard pyrosequencing. The mean methylation level of all samples was 15.5%. When considering only the 47 methylation-positive samples (methylation levels above 9%), the mean and median methylation levels were 37.3% and 30%, respectively.

The quantitative methylation results are plotted for each of the samples for the 2 methods ([Fig. 2A, B)](#nlv024-F2){ref-type="fig"}. Examples of individual results for each method are shown ([Fig. 2C, D)](#nlv024-F2){ref-type="fig"}. FIGURE 2.The quantitative methylation results using quantitative methylation-specific PCR (qMSP) and standard pyrosequencing. **(A)** Methylation levels obtained by qMSP plotted for each of the samples. **(B)** Methylation levels obtained by standard pyrosequencing plotted for each of the samples. **(C)** Examples of individual results from the *MGMT* qMSP assay and the Alu assay. The red curves represent the in vitro methylated DNA; the other curves represent individual samples that were analyzed in duplicate. **(D)** Examples of individual results from the standard pyrosequencing assay that interrogates 4 individual CpG sites.

Comparison of qMSP and Standard Pyrosequencing
----------------------------------------------

There was a strong association between the data obtained by the 2 methods when analyzing methylation status as "methylation positive" and "methylation negative" (p \< 0.001); no systematic difference between the 2 methods was observed (p = 0.81) ([Table 1](#nlv024-T1){ref-type="table"}). Next, samples that were methylation positive by both methods were divided into 2 groups according to whether or not the methylation level of each sample was below the median methylation level or above or equal to the median methylation level for each of the 2 methods, respectively. There was a significant association between the methylation levels (p = 0.002), and no systematic difference between the 2 methods was observed (p = 0.74) ([Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1) [@nlv024-B3]). When comparing the quantitative data directly for both methods, there was a relatively weak correlation ([Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1) [@nlv024-B4]). In total, 14 samples were methylated in the so-called "gray zone" as assessed by standard pyrosequencing (6%--13%). Twelve samples methylated below the cutoff (6%--9%) were negative as assessed by qMSP with the exception of one sample, which had a methylation level of 0.3% as assessed by qMSP and 9% by standard pyrosequencing. On the other hand, 2 samples that were methylated at 10% and 13% were both positive as assessed by qMSP with levels of 2.4% and 1%, respectively. TABLE 1.Comparison of Quantitative Methylation-Specific PCR and Standard PyrosequencingMethylation Positive (Standard Pyrosequencing)Methylation Negative (Standard Pyrosequencing)TotalMethylation positive (qMSP)38846Methylation negative (qMSP)97786Total4785132[^4]

Allelic Methylation Analyses by qMSP Followed by Pyrosequencing
---------------------------------------------------------------

Information on the methylation status of individual alleles could be obtained for samples heterozygous for the rs16906252 *MGMT* promoter SNP by pyrosequencing of the qMSP products. Eight of the heterozygous samples were methylated. Five of these were methylated only at the T-allele; 2 samples were methylated only at the C-allele; and the remaining sample was methylated at both alleles. Only 2 of these samples were methylated at low levels. Examples are shown in [Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1) [@nlv024-B5]. Some samples with the T-allele methylated did not express the protein whereas others did. This was also true for samples with monoallelic methylation of the C-allele ([Table 2](#nlv024-T2){ref-type="table"}). The sample with biallelic methylation had low-level protein expression. This sample was methylated at medium level (19.9%), indicating that a minority of the cells had both alleles methylated. TABLE 2.Comparison of Quantitative- and Allelic Methylation Data With Immunohistochemistry DataSample No.GenotypeMethylation Level (qMSP)Methylated Allele(s)Protein ExpressionMethylation Level (Standard Pyrosequencing)1050CTMediumCNot expressedNo data1107CTMediumTNot expressedHigh1155CTHighTNot expressedHigh1439CTMediumC and TLowMedium1518CTHighTHighHigh1650CTLowCLowLow20CTLowTNot expressedLow72CTLowTHighNo methylation1037CCLowCMediumNo methylation1521CCLowCLowLow1664CCLowCNot expressedMedium55TTHighTNot expressedMedium[^5]

Four homozygous samples (3 CC and 1 TT) were also analyzed as controls ([Table 2](#nlv024-T2){ref-type="table"}). The 2 CpG sites in between the primers were on average methylated above 85% in all samples except one, which had one site 96% methylated and the other site 47% methylated (100% and 37% when repeated). None of the samples showed incomplete bisulfite conversion. The experiments (bisulfite conversion and qMSP-pyrosequencing) were repeated for 7 of the samples, for which there was sufficient material for another bisulfite conversion, and the same allelic methylation results were observed again.

Comparison of DNA Methylation Data and IHC Data
-----------------------------------------------

IHC was performed on 148 of the samples. Representative examples are shown ([Fig. 3](#nlv024-F3){ref-type="fig"}). The data are shown according to the quantitative methylation data by qMSP and standard pyrosequencing in [Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1) [@nlv024-B6] and [@nlv024-B7], respectively. When scoring samples as either positive or negative, there was a strong association between methylation status as determined by qMSP and IHC data (p = 0.009, Chi-square test and p = 0.74, McNemar test). This was also the case when comparing methylation status as determined by standard pyrosequencing and IHC data (p \< 0.001, Chi-square test and p = 0.82, McNemar test). Absence of the MGMT protein was frequently observed in both methylation-negative and -positive samples; the frequency of unmethylated samples with protein expression was 43.9% and 48.8% for qMSP and standard pyrosequencing, respectively. On the other hand, expression of the protein was rare in methylation-positive samples; the frequency of methylated samples without protein expression was 78% and 84.4% for qMSP and standard pyrosequencing, respectively. Finally, it was observed that more samples with low-level methylation expressed the protein as compared to samples with medium and high methylation levels. However, this was not statistically significant for any of the methods. FIGURE 3.Representative examples of MGMT immunohistochemistry (IHC) on glioblastomas (World Health Organization \[WHO\], grade IV). **(A, C, E)** There are characteristic pleomorphic glial tumor cells, necrosis with pseudopalisading and endothelial cell proliferation. Hematoxylin and eosin stain. **(B, C, F)** Variable amounts of staining by IHC for MGMT of endothelial cells, lymphocytes, microglia, and tumor cells. **(B)** Only a minority of tumor cells is positive (0%--10%). **(D)** There is clear staining of endothelial cells in tumor vessels and diffusely in tumor cells (11%--25%). **(F)** Many endothelial cells and tumor cells are positive (26%--50%). The staining of tumor cells is heterogeneous, varying from area to area in the tissue. Magnification: x200 for all panels.

Overall Survival Analyses According to *MGMT* Methylation Status, IHC Data, and rs16906252 Genotypes
----------------------------------------------------------------------------------------------------

A total of 151 and 132 patients were evaluated for overall survival according to *MGMT* methylation status assessed by qMSP and standard pyrosequencing, respectively. The hazard ratio for death in the unmethylated group was 1.64 (95% confidence interval \[CI\], 1.15 to 2.33; p = 0.006) when assessed by qMSP and 1.8 (95% CI, 1.23 to 2.62; p = 0.002) when assessed by standard pyrosequencing ([Fig. 4](#nlv024-F4){ref-type="fig"}). A total of 148 patients were evaluated for overall survival according to MGMT protein expression assessed by IHC. The hazard ratio for death in the group expressing the protein was 1.58 (95% CI, 1.12 to 2.22; p = 0.009) ([Fig. 4](#nlv024-F4){ref-type="fig"}). Finally, a total of 151 patients were evaluated for overall survival according to rs16906252 genotypes. The hazard ratio for death in the group carrying the T-allele was 0.89 (95% CI, 0.49 to 1.61; p = 0.70) ([Fig. 4](#nlv024-F4){ref-type="fig"}). FIGURE 4.Overall survival analyses according to *MGMT* methylation status, immunohistochemistry (IHC) data, and rs16906252 genotypes. **(A)** Overall survival according to methylation status assessed by quantitative methylation-specific PCR. **(B)** Overall survival according to methylation status assessed by standard pyrosequencing. **(C)** Overall survival according to MGMT protein expression assessed by IHC. **(D)** Overall survival according to rs16906252 genotypes.

Overall Survival Analyses According to *MGMT* Methylation Levels
----------------------------------------------------------------

The patients were divided into subgroups according to methylation levels as described in "Materials and Methods." A total of 151 and 132 patients were evaluated for overall survival according to *MGMT* methylation levels assessed by qMSP and standard pyrosequencing, respectively. The hazard ratio for death in the low methylated group versus the unmethylated group was 0.67 (95% CI, 0.44 to 1.02; p = 0.061) when assessed by qMSP and 0.43 (95% CI, 0.25 to 0.75; p = 0.02) when assessed by standard pyrosequencing. There was a trend towards a better overall survival in patients with higher methylation levels compared to patients with lower methylation levels when analyzed by qMSP ([Fig. 5A](#nlv024-F5){ref-type="fig"}). However, there was no difference in overall survival when comparing patients with medium methylation levels with patients with low methylation levels. FIGURE 5.Overall survival analyses according to *MGMT* methylation levels and combined methylation and immunohistochemistry (IHC) analyses. **(A)** Overall survival according to methylation levels determined by quantitative methylation-specific PCR (qMSP). **(B)** Overall survival according to methylation status determined by qMSP and standard pyrosequencing. **(C)** Overall survival according to methylation status determined by qMSP and IHC data. **(D)** Overall survival according to methylation status determined by standard pyrosequencing and IHC data.

Overall Survival Analyses According to Combined qMSP and Standard Pyrosequencing
--------------------------------------------------------------------------------

A total of 132 patients were evaluated for overall survival according to *MGMT* methylation status assessed by both qMSP and standard pyrosequencing. It was observed that patients with only one positive test result did better than patients scored as methylation negative by both methods ([Fig. 5B](#nlv024-F5){ref-type="fig"}). It was also observed that patients with a positive methylation result assessed by qMSP and a negative methylation result by standard pyrosequencing performed equally well as patients with a positive methylation result assessed by standard pyrosequencing and a negative methylation result by qMSP ([Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1) [@nlv024-B8]).

Overall Survival Analyses According to Combined Methylation and IHC Analyses
----------------------------------------------------------------------------

A total of 148 patients were evaluated for overall survival according to *MGMT* methylation status assessed by both qMSP and IHC. It was observed that patients with either a positive methylation test or a negative IHC result did better relative to patients with a negative methylation test and a positive IHC result ([Fig. 5C](#nlv024-F5){ref-type="fig"}). A total of 130 patients were evaluated for overall survival according to both *MGMT* methylation status assessed by standard pyrosequencing and IHC. It was observed that patients with a negative IHC result and a positive methylation result did better relative to patients with a negative methylation test and a negative IHC result ([Fig. 5D](#nlv024-F5){ref-type="fig"}).

Association Between *MGMT* Methylation and Genotypes
----------------------------------------------------

In total, 13 of the 151 patients carried the T-allele of the rs16906252 *MGMT* promoter SNP. Ten of these patients were methylation positive by qMSP. Individuals carrying the T-allele of the rs16906252 SNP were more likely to have detectable *MGMT* methylation by qMSP (p = 0.01). In total, 132 patients were analyzed by standard pyrosequencing, and 12 of these carried the T-allele of the rs16906252 *MGMT* promoter SNP. Seven of these patients were methylation positive by standard pyrosequencing. No statistically significant association between the T-allele of the rs16906252 SNP and *MGMT* methylation by standard pyrosequencing was observed (p *=* 0.11). A summary of the genotypes and methylation status as determined by the 2 methods is shown in [Supplementary Data](http://jnen.oxfordjournals.org/lookup/suppl/doi:10.1093/jnen/nlv024/-/DC1) [@nlv024-B9].

DISCUSSION
==========

*MGMT* methylation is used as a predictive biomarker of response to alkylating agents in patients with GBM but the methylation status of a sample is not straightforward to analyze. This is mainly due to the fact that numerous CpG sites are located in the *MGMT* promoter. These sites may often be methylated at different levels in different cancer clones, and the cells may also have different allelic methylation patterns. Because of these factors, different methodologies for DNA methylation detection may provide different results ([@nlv024-B29]). Standard bisulfite pyrosequencing has been widely adopted for evaluation of *MGMT* methylation for several reasons; the methodology is quantitative and relatively accurate ([@nlv024-B30]), and a standardized commercial kit, which has been approved for clinical use, is available. However, standard pyrosequencing is based on a methylation-independent PCR, which amplifies a pool of bisulfite-treated DNA molecules with no possibility of tracking individual epialleles. The displayed methylation levels at each individual CpG site are, therefore, an average of the methylation found in the sample across cell types, cancer clones, and alleles. Because the tumor cell content and allelic methylation status may vary from sample to sample, the quantitative results of standard pyrosequencing should always be interpreted with caution.

We have previously shown that allelic methylation patterns and methylation levels influence MGMT protein expression in malignant pleural mesothelioma ([@nlv024-B10]). There have not been previous studies of allelic *MGMT* methylation patterns in GBM. Therefore, we investigated how allelic methylation patterns and methylation levels influence MGMT protein expression in GBM. For this purpose, we developed a novel *MGMT* promoter methylation assay capable of providing quantitative and allelic methylation data. The assay is based on qMSP followed by pyrosequencing of positive samples. Because MSP is considered prone to false-positive results ([@nlv024-B28], [@nlv024-B31]), the use of pyrosequencing is advantageous because it allows assessment of the efficiency of the bisulfite conversion as well as the methylation status of CpG sites found in between the primers ([@nlv024-B14], [@nlv024-B32], [@nlv024-B34]).

We found that the majority of the samples, which were informative with regard to allelic methylation patterns, were monoallelically methylated; however, several of these samples did not express the MGMT protein. This is likely explained by hemizygous deletion of the *MGMT* locus, which occurs in a large fraction of GBM ([@nlv024-B12], [@nlv024-B35]). On the other hand, several samples with monoallelic methylation did express the protein possibly from the unmethylated allele. Therefore, our data suggest that allelic methylation analysis may not contribute additional information that would be useful in clinical settings. However, because the T-allele frequency was relatively low in our cohort compared to other studies using American and Australian cohorts ([@nlv024-B11], [@nlv024-B12]), additional studies of allelic *MGMT* methylation patterns in relation to protein expression and survival of patients with GBM treated with temozolomide is warranted. In addition, because DNA extracted from tumor biopsies was used for SNP genotyping in our study, it is possible that heterozygous patients with a hemizygous deletion of the *MGMT* locus in their tumor cells would be scored as homozygous. Indeed, we found several samples with pyrosequencing and high-resolution melting results being difficult to score because they were in the gray zone between being homozygous CC and heterozygous. These were all homozygous when analyzed by Sanger sequencing, which has a relatively poor analytical sensitivity ([@nlv024-B36]).

Overall, we observed that *MGMT* promoter methylation was associated with lack of protein expression. Also, we found more samples with low-level methylation expressing the protein as compared to samples with medium and high methylation levels, although this was not statistically significant. Unmethylated samples were often negative by IHC, indicating that mechanisms other than promoter methylation may be responsible for silencing of the *MGMT* gene. Gene body methylation, histone modifications, as well as aberrant expression of microRNAs have been shown to downregulate expression of the MGMT protein ([@nlv024-B4], [@nlv024-B37], [@nlv024-B38]). Therefore, our results were not surprising, and we have also previously observed the same phenomenon when studying p16/*CDKN2B* in lung cancer ([@nlv024-B39]). Another recent study including 418 patients with GBM also found correlations between *MGMT* methylation and expression of the protein assessed by IHC ([@nlv024-B8]), whereas others have not ([@nlv024-B40]).

Despite qMSP and standard pyrosequencing being inherently different methods, we observed strong correlation between the 2 methods when analyzing the data in a purely qualitative and semiquantitatively manner using predetermined cutoff values. However, when the data were analyzed quantitatively, there was a relatively weak correlation. This was expected because the 2 methods do not analyze the exact same CpG sites and because qMSP data are strongly affected by the annealing temperature of the PCR and the number and positions of CpG sites within the primer sequences ([@nlv024-B33]).

When performing standard pyrosequencing analysis, it has been suggested that tumors with percentage values close to the technical cutoff (in the so-called "gray zone") should be tested again by another method or not assigned to either the methylated or unmethylated groups. We observed that 11 out of 12 samples being methylated between 6% and 9% were negative as assessed by qMSP with the exception of one sample being methylated at a very low level. On the other hand, 2 samples being methylated between 10% and 13% were both positive as assessed by qMSP. Thus, our data support the use of the currently recommended technical cutoff point.

The presence of *MGMT* methylation by the qMSP assay was associated with better overall survival (p = 0.006). This was also observed for the standard pyrosequencing assay (p = 0.002), whereas the presence of the protein was associated with worse overall survival (p = 0.009). It has been suggested that IHC is not reliable for use as a biomarker in the clinics ([@nlv024-B41]); however, in our hands, IHC performed nearly as well as the methylation analyses. It has also previously been shown that the rs16906252 SNP is predictive of response to temozolomide in patients with GBM ([@nlv024-B12]). Because relatively few of our patients carried the T-allele of the SNP, we cannot make firm conclusions on this issue. Likewise, too few patients were informative with regard to allelic methylation patterns to justify the performance of survival analysis according to this criterion.

Because standard pyrosequencing and qMSP are quantitative methods, we also analyzed the data with respect to methylation levels. Interestingly, our analyses indicate that patients with relatively low methylation levels have a better overall survival compared to patients with unmethylated tumor biopsies. However, the data do not support a further stratification of the patients according to methylation levels, and it has previously been shown that increasing levels of methylation (as assessed by standard pyrosequencing) do not have much impact on overall survival of patients with astrocytomas and GBM ([@nlv024-B9]). This is likely a result of methylation levels being an average of the methylation found in the sample across cell types, cancer clones, and alleles, and that the tumor cell content and allelic methylation status vary from sample to sample.

Finally, we performed a combined analysis of qMSP and standard pyrosequencing and observed that patients testing positive by only 1 of the 2 methods benefit from treatment with temozolomide. Thus, our data suggest that patients should be tested by both methylation-independent and MSP-based methods. Combined analysis of qMSP and IHC likewise seem to identify additional patients who benefit from temozolomide treatment. This is in accordance with the findings of Lalezari et al ([@nlv024-B8]).

In conclusion, our data indicate that allelic *MGMT* methylation information may not be useful for predicting if the MGMT protein is expressed. However, our results provide strong evidence to support the use of *MGMT* methylation as a prognostic marker in patients with GBM treated with temozolomide and suggest that combined qMSP and standard pyrosequencing analyses as well as qMSP and IHC analyses identify additional patients who may benefit from temozolomide treatment.
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